IOURNAL OF EESEARCH of the National Bureau of Standards—A. Fhyses and Chamistry
Val. 664, Ne. 4, Tuly—Auquet 1962

Thermal Conductivity of Gases. I The Coaxial
Cylinder Cell'
Leslie A. Guildner

(April 13, 1962}

{By eombining appropriate geomotrle ¢onfiguration and mathematical anslysis with
imprtead measoring technigues, the cell eonetant of a opaxial oylinder thermal conduetivity

cell was determined within 0.1
An analysis of the rate of

rewnt,

emall.] The principal sonsiderstions are:
. That t tra
pori whas analyzed ma

rt by convection ia aigoificently l&;ﬁein o dense gas.
matieslly from basle principles.
reaufts with the snalysia indicated that the evpresgions aro wall

pat transfor in such 4 cell showed & way to trest the data
2 that the error contribution of experimentu] devistions from idenliz

oonditions is kept

Thiz trana-
reement of axperimantal
ahd that ihe convective

heat trangport sould bo ecounted for with Mitle morw ereor thon wes involved fn the pre-

cislon of the heat transfer mofanrenabits.

2. That the heat transfer in a vacunm eorresponds to the hest transfer by radiation

and solid contacta in the presonee of 4 gaa.

:weurac;; of determining the vason valwes,
3,

The uncartainty was that assesiated aith the

hat pther effects were pnall encugh to be ¢emputed and corrected for without
increasing the uncertainty of the velues of the thermal conductivity.

1. Introduction

The conxial cylinder thermsl conductivity cell,
with large diameter of inner cylinder relative to the
conductivity pap width, ia one of the forms of appa-
ratng often useg to detarmine the thermal condue-
tivity of gases. Over a period of several vears,
refinements were made in the design of a ccll, n the
analysis of heat transler, in measurement technigues
and in the treatment of the data. Tt 1w the purpose
of this paper to set forth a summary of considern-
tions wﬁi ara applicable to measurements with a
eell of this general type.

The heat guarde at the ends of & conxisl cylinder
eell can De designed se that the geometric form of
the condnctivity gap is simple. It iz then possible
to make a reliable mathematical analysis of the hent
trapsfer by conduction. Consistent with & nesrly
exnct mathemnatical analysis, special techninues were
uged for meaauring the ecll dimensions with improved
AOLUTACY.

At sufficiently high gas densities, convective heat
iransport Lecomes significant in a coaxin) cylinder
" eall.  When the axiz of the cell is vertical, the hest

transport by convection can be analyvzed from basio
principles. Thie analysis indicates t.ge DPTOPET In2ag-
uremanis to be made and the required trentment
of the, data,

Other effects which should be accounted for—
asymmetry of the heat flow, radiation from the
critber and conduction through the mounting pines,
and the temperature pradient in the hody of the
meial—sare considersd. The significance of these
effecta will be clearer after vnderstanding soma of the
details of u cell, which will be deseribed in the next
section.
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2. Apparatus

The cell shown in figure 1 was made of silver. It
conzisted of an emitier EM | gurrounded by a receiver
RE. The emitter was located by seven Pyrex pins
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Fraure 1. Vertical crods aection of coazénl ctlinder cell.
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EFP, one on the axis at the bottom, three spaced
uniformly around the receiver near the bottom, and
three (not shown} gimilarly spaced near the top.
Electrica]l energy was supplied to the emitter by a
hester in the heatar well gBV . The heater was made
fromm NWichrome ribhon uniformly wound on & ma-
chined Grade “A" “Lava"” formm. The temperaturce
or the temperature difference was measured by
thermocouples inserted in the thermocouple wells
TW of the emitter and racaiver. The junetions wers
at twe leveals in the recaiver and emitter, one level
being midway along the emitfer ¢lose to the bottom
of the welle, and the other level just below the tep
of the emitter, The thermocouples were installed
between the wall of the well and an inserted rod ol
silver. The thermocouple wires were insulated by
thin sheets of mica, and they were packed tightly in
the thermocouple wells.

A heat guard HG provided & eontinuation of the
conductivity gap 6@ It was positionzd by six
Pyrex pins HP, three spaced uniformnly around the
side and three around the top. The top pins were
adjusted so that the width of tha heat guard gap
Ht.%"l'ar was equal to the width of the conductivity gap.
The heat guard temperatore was maintsined as lﬁgﬁ-ﬁ
A% pmihgum the temperature of the emitter, by
introducing electrical en from a hester in the
heat guard heater well .. The temperature was
measured by a thermoeouple whose junction was
placed near the bottom of the heat guard thermeo-
couple well HTW,

'I!ile leads from the emitter heater and the emitter
and receiver thermocouples passed through the heat

uard or the currcapangigg poertion of the receiver,
thereceiver extension REE.  [The receryer extension
surrounding the heat puand wae zeparate to facilitate
assembly.} The thermecounple leads were insulated
with mica and in order to improve heat transfer were
held against the walls of the thermocouple wells,
by means of a split rod of silver, which was wedge
ghaped.
he mounting pins were made in three parts: a
Pyrex rod, 3 min in diameter with a 60° Included
angle conical point, a pure aluminum holder, and a
gilver screw. The lengths of Pyrex and aluminum
wers chosen such that their composite expansion was
close to that of silver over the temperaturs range
0 to 400 *C.

The dimcnsions of this cell, although not eszential
to the discussion in this paper, are used for Mlustra-
tion, nnd were approximately:

Conductivity gap 0. 068 em
Heat guard length 3.8 em
Emitter diemeter 2.2 em
Emitter length 11. 4 cm.

The dimensionz should be chosen so that Arfr < 0.1,
The length of the emitter should be pufficient for 80
or 95 percent of the hest tronsfer to take place
radislly, and the length of the heat guard should he
enough to reduce unaccountable heat loss from the
emitter satisfactorily. The choice of the size of the
conduclivity gap represents a compromise. On the
one hand, a narrow gap makes the ratio of the heat

transfor by conduction larpe relative to the hent
transfer by rediation and alse very effectively makes
the relative heat transport hy convection small.
On the other hand, when the gap is made too narrow,
the uncertainty in the vulue of the ccll constant is
increased. The choice of dimensions will depend
upon the objsctives of the investigation,

3. The Cell Constant
3.1. Mathematical Treabment

We can obtain the cell constant from the assurip-
tion that the rate of heat transfer, ¢, is proportional
to the temperature pradient and gha surface area.
In the steady state, we can integrate the tempera-
ture gradient over the region of heat flow, so that

=CHKAt, where €' s tha cell constant, & iz the
iermnl conductivity, and aAf is the temperature
difference across the region in the steady state
eonditior.

The principal terms of the cell congtant can be
evaluated by coosidering the radial hest flow across
& saction of length { of an infinite coaxial eylinder
and the lincar heat flow across a circular eection of
rading 7 of two infinite parallel plates at the bottom,
The determination of an accurate cell constant
requires that recognition be made of the additionul
heat flow which takes place at the heat puard gup
aand at tho bottom corner of tha emitter. If both the
conductivity gup, A, and the hent guard gap are
small compered to the radiuz of the cinittor, ry, the
conductivity gap and adjacent poriion of the heat
guard gap can be treated as if planar. In fizure 2,
the relaxation selution for the gas isotherms near
the heat guard showsz that the perturbing effect of
the gap haz practieslly wanished within two gap
widthe in any direction. Therefore, it is proper to
employ the Schwarz-Christoffel transformation which
iz valid for an infinite cell. The transformationa for
hoth the heat guard gap and the bottom corner are

ivon in Carslaw am‘% -ﬁn-.gcr, [1]* pp. 444 and 4445.
n an analogous manner to the solution for the
bottom corner given on pp. 453—454, the correction
terms for tho ﬁe&t guard gap may be found. On
the assumption that the heat flow ovor the length
of the cell takes place as il unperturbed, the dona-
tions may be combined az a factor times half the
heat guard gap, which is to be added to the Jength
of tha cell. lIf) the heat d gap is equal to the
conductivity gap, Ar, the ndded length is?

£:=0.923 Arf*

The bottom corner of the emitter adds & term to
the cell constant of 2wrX0.569 for equal conduc-
tivity gaps on the sides and hottom, Thus, the
total rate of heat tranefer by gas conduction is

S
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where r is the innor radius of the receiver. Tha

! Fiures In bracka by iondbate e Tberabaee rifreDces ot the end of this payser,
1 Sp¢ appendir 1.
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Frouves 2. Relazabion sofulion of the heal quard gap.

cell constant is

208 +ea

i}
G:'I' W+E’+1.118h]— (2}

Firom eq (2}, we find 99.4 percent of the heat transler
froin the call illustrated in fizure 1 i& accounted for
by the bwo principal parts: 94.% percent by radial
heat How, 4.5 percent by linear heat flow. Thae
teansfer from the heat guard gap amounts to 0.23
percent, and the transfer from the bottomn corner
amounts to 0.33 percent.

3.2. Measuroment of Receiver and Emitter Radii

Both te incresse the flow of heat by conduction
nnd to reduee the heat transferred by convoction,
 the conduetivity pap should be kept as small as

will permit the accurate determination of the cell

constant. For the case of g <1, the rato of heat
1
transfer by conduction from s section of length !

of an infinite cosxial cylinder s q'=m%§
Ar

H
it relative creor of l (—) » or 0.03 percent for 27=2.2

3\2F
cin and Ar=0.068 cm. The equation ssrves to
cnphasize that for the sume orror in the cell constant,
two crders of higher ageuracy of length measuremanta
are reqiired to determine the conductivity gap, than
the radii themaalves,
The meaaurements of the two radii were made with
8 super-micrometer ag measurements of two outer
diamcters, the one directly, the other by vse of a
“falling probe.” If a “probe” is allowed to (all by
its own weight, as shown in figure 3, the gap between
the probe and the outer ¢ylinder can be calculated
from the air fow [2}. In an aunulos formed by Lwo
coaxial eylinders of radius r, and r, length I'Z and
Bp Mm=r;—7r,, the volume of gas of viscosity »
owitg in time ¢ wiih a difference of pressure

within

PROBE I RECEIVER

1
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GAS TIGHT
CHAMBER

Ficure 3. Falling probe derice for enner dianteter

FrEerL rettetil,

Ap=p,— i» and average pressure # can be expressed

M

within & relative error of Eﬂ_r,*;

a5
=-@:1ng¢:-139_
AV =L

F=(r,+r}/2 und p; iz the atmozpheric pressure,

With the voluma cxpressed as the probe displace-
ment

| _SaprAlL
= gpapTe 3

where ¢ iz the gravitational constant and Af is tle
distance of fall m time 2,

The average inner radius of the receiver is deter-
mined by r:fding the gap, @, to the radiuz of the
prohe, 7,. The determination of the gap, m, was
precize within 2.5 107% cm.

The measurement of 2r, was precise within
2.5 107% em, as wall as 2r, the outer distneter of
the emitter. The sum of m+r, for varying m waz
congistent within 2.5 107% ¢, Thus with differ-
ances of radins bebween receiver and emitier as
gmall a2 0.08 em, the length of Ar waa determined
to an accuracy within 0.1 percent.
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4. Convection

In general, the hydrodynamical equation for
nonturbulent flow of a fluid of velocity ¥, viscosity
#, presaure p, and density g is {div 5 %rn.d} T==grad

—pg, where g iz the acceleration of gravity [3].
E‘or two infinite vertical plates at uniform temper-
whures §,— A2 and £+ A8/2, the equation reduees to

e.(z)

it

={p— )¢

The axez are taken with the origin at the midpoint
between the planes. The x-axia i8 normal to the
planes, the y-axis is horizental, and the z-axis is

vertical. The avernge demsity, g is the density at
x=(}
If tho separation of the planes is Ar, t{z)=fﬂ+%
and
] — ot 1) | 5 POTAL =1 EE) ,
p=pll—a(t—t)) =% ar whera a= slai),
Sinee #=0 when z=—%r and rﬂ%r:
(o EPFALT _.
w{r)=— Gear [Arffa—a?) {6}

In a closed system, the circulation takes place as
a zingle stremm, reversing divection at the top and
bottor. lonservation of mass regunires a term
sacond erder in A which does not affect the heat
transport by more than 1 percent for actual measure-
ment, hence it was neglected.
The heat transported per unit horizontsl distence is

. arig —EJ;:E apic, At
d=t, f _”r?v(ﬂ:}p{x}ﬁt{x}dx— T

whare ¢, i= the specific heat capacity snd the averape
density iy indieated without the bar. The horizental
distance in the cell is v nearly 2«F. ‘Then the
rate of heat transport per degree is

14 g 2HTArSG e AL

Il the total heat transfer is studied as & “‘conduc-
tiwity,"” gfiAL, & portion is due to convection, which
may be written as

K =rj'mr=2.6>< lﬂ‘*’ap"c,ﬁtr
AL n

The valye 2.6 10~ combines the constants of eqg (7)
and the walue of the cell constant (7 for the Ejl of
figura 1.

The neglect of terms of higher order in Af for p(x)
affecta KE:W detectibly negr the criticgl point of
0, When Af <75 deg (0, these terms need not be
considered for other measurements to be reported.

&)

Eogineering investigations of convection have
been analyzod by use of several correlating functions.
It may seem at times we il serious dizcrepancies
exist when the correlation is extended to inappro-

iate conditions. Let ve consider three dimension-
ess quankities:

(1) The Grashof-Prandtl product

o (9

{2} The Grashof number
AriPapPAL,
Gr=3t }t:p -

{3} The Reynolds numnber

Re =F_‘l?£1]’
I,
whete the aversge velocity E=%T“':gm atud zy=aAri2.
Then -
A AL
He=%- (10)

Thye the Grashol number and the Revnolda number
are functicnally the same for a gas in a vertical gap.
Within the range of pressura and temperature suc
that the Eucken factor, K/fse,, i3 a constant and
that y=ucgfe, 18 a constunt, the Grashof-Prandtl]
product and the Reynolde number will serve equally
well for the correlation of laminar convective effects.

Tha ratio of K to K can be found by dividing
6q (8) by Kew, and is functionally {(Arffj (Gr-Pr).
It can be scen Irom eq (8)/K,., that the criterion of
Kraussold, that convection is insignificant? for
Gr-Pr«]1000, leeds to different error limits dapend-
ing upon Arf. For the cell of figure 1, Gr-Pr=100{
involves a relative heat transfar by convection of
23107,

Rapresenting a ratio of the heat tranaport of
convection to conduction, Gr-Pr is a logical correlat-
ing function for heat transport by laminar convee-
tien. Ovar the range of variables that eq {9)/eq
{10} i= & constant, cither wnll sorve as o criterion for
the initiation of turbulent convection. Newr the
critical point, however, gy—eand y—=. Since the
FEucken factor dees not vary greatly, Gr-Pr can
become epormous while the Rovoolds number
remaing small. The Reynolds number depends
upon the velocity resistatice per s, wndd it 8 the
fundamental guantity, not Gr.Pr, which should be
usad as the eriterion for initiation of turbulent flow.

The purpose of this zection is t¢ demonstrate
how tha data can ba troated to give the heat transfer
by thermul condnction slone,  Measgrements must
Le made under conditione of laminsr flow, For
(10, Onsager and Watson [4] have shown that with

A Worss ot i the staloment Ehnk onvectlon Josr et xint for GrTr< 1000,
The sothor bopes this 1des will mioe ite plecs with the pPhkegdstan Eneary!



apparatus of the planar, vertical type, turbulenos
cominences at & value of the Reynolds number of
shout 25. Often it is clear that Re< =725 If
there is uncertainty, the A? for transition from
laminar t¢ turbulent flow should ha determined
experimentally. At conatant pressure and constant
average pas temperaturs, oq (8) indieates that
{At veraus At I8 linear lor Jaminur flow. By steaight
ine axtrapolation of §/Al versus Af to zero Af, the
heat transport by convection ia eliminated,

Tha e=sentind re‘lgluiraments of aq {8) ara confirmed
by the results, e heat transport correlates well

o ple Al

versus The ¢/Af wersus Af exirapolations

are lincar within the precision of the data, except
for very large values of eq {8) where second order
effecta may be detectible. The valucs of Af caleu-
latad from eq (10) {indicuted by an ssterisk on
some extrapolatien isotherme in the next paper)
ara in satisfactory accord with tha experimental
mensursincnts,

5. Asymmetry of the Heat Flow
8.1. Coaxial Centering

If the emitter i3 not centered perfectly the geo-
metrical (actor of In ryr, shuu]g ko repla by
cosh ™' [{ri4++rf—d%)/2rr:], where ¢ represent= the
displacement of the two axes. For the cell of fipure
1, an error of 7107 em in the eentering would
make s difference of only one part in 100,000 in the
cell consbant.

5.2. Heat Loss From the Bottom of the Emiler

Tha cell with & single heat gnard loses heat on the
bottom a2 well a5 on the sydes. With a uniform
heater winding this leads to an asymmetric tem-
perature distribution, which becomes larger as the
gas thermal conductivity becomes larger, A reason-
ahble approximation permitting mathematieal treat-
ment nssumes uniform heat flow from the center
heater to the cmitter, no heat flow on the heat
guard end, and the hewt flow across the conductivity
%ap proportional to the temperature difference,

he solation for this problem is

£ viorg A% vos (mez) gy (730)
o ([ed+ AL+ h) 6 {a;n)

where A=AK, A i= the total exterior surface area,
K i the thermal conductivity of the substance in
the gap, and K, the thermal conductivity of silver.®

— K. Atf2g=h 3

azrah
i L o
$o{rin) =TIy (racy) oo (Ban) — hH 3 (Bex, )|
+Kﬂ fmn} I'a'u-'rl (bﬂn} +-h"rtl {6&,}]

I tha oebll werr mede of anctiwe materind, the sorrnapowiing theriial oom.
dueklFily womld be wad i place of Ky,

=TI {aan} [y K (Bory) — Ry (Bara}]
— K foa,) [ond (o} Rd o (e, }]

and the o, are the ordered positive roota of
h=uw, tan (zd}. The value of 42 +A% iz taken
Rasiti;re or negative in accord with the sign of
gin ol

The functione [, &, &, and K are Bessel fune-
tions of complex argument, The result shows that
the average temperature of the emitter iz not at the
center but at

g=0.661 for KX =5.05>1075,
2=0475 for K=505>10"1,
and z=0.6072 for K=11.90< 10—,

Conduetivitiea celenlated from tha average of the tep
snd center temperatures must be increased by the
factor indicated in ficure 4. This facter is accurate
encugh that usually no significant error is nvolved,
and could be reduced by adding measurement of the
temperature difference at the bottom of the eall.

6. The “Blank’” and Conduction of Pins

When the cell 3= evacusated, the heat transferred
Ly radigtion and by conduction of the pins can be
treated as & measyrement of a “eonduetivity,”
called & “blank.” The present cell had & blank at
0 °C of 0138107 cal em™ sae™! deg O~ sheout
4 percent of the conductivity of CO, at the same
temperature and 1 atm pressure. It was estimated
that no more than hall of the heat transfer of that
blank was due to condaction of the pins.

It waz assumed that the eonduetivity of a pas
could be found by deducting the blank from the
value of the apparent conductivity for zero temper-
ature difference. However, tho Bank may not
adequately represent the heat transfer in the presence
of a gas for the following reasons:

{1] The conduection of heat aecrosy the pin-emitter
interface may increase in the presence of a gas.

{2) The temperature distribution in the pins may
perturk the heat transfer in the gaa significantly.

In the first case, if the pressure of the pins against
the emitter is high cnough, the effect of the gas on
the conduction across the contact interface is negli-
gible. Ascoli and Germagnoli {5] showed that the
temperature difference acrose a steel-aluminum inter-
face with 8 4in. finish becamoe nearly constant in &
vacuum once the preseure of contact resched 100
kgjem?. For Wy at 1 atm, the temperature difference
across the interface with the same heat flux hecame
nearly constant &t 50 kgfem® contact pressure, and at
100 kzfem?® was equal within experimentnl crror io
tha corresponding vacuem valuc. Boeschoten and
Van Der Held [8] found three times the heat con-
duction in the presence of 1 atm of helium as in a
vacuum at 35 kg/em? contact pressure.  The inference
from the preceding investipation is that at 100 kg/cm?,
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the ratio would be 1.5/1. Rough surfaces approach
1the behavior of amootl surfaces as the contact pres-
surs i= increased. These rmeasursments wers per-
formed upon a steel-aluminum inierface rather than
a Pyrex-siver interface used in the present npparatus.
However, the nbility of silver to conform to the
harder surface of Pyrex is at least as great as for
pluminurm to conform o steel. The ping were forced
into the silver aufficiantly that indentations 0.003 to
0.005 in. deep wers made in the emitter, which is to
say with eufheient forca to excesd 1500 kgfem?, the
tensile strength of silver. The Pyrex pins were held
in an aluminum sleeve such that the composite ox-
pansion of the two materials approximately matches
the expansion of the gell material from 0 to 400 °C.
Consequently tha centering of the emitter and the
contact pregsure between the pin and the emitter
should be maintained over the tempernture range.
Henco it can be expected that gases of low con-
ductivity cauzad an insignificant change in the rate
ol transfer of heat through the pina. In helium, the
uncertainty in pin mnﬁue.tiun should noi exeeed
0.1 percent of the gas conducticn,

e additicnal hest transfer through the gas,
which arizes because the tcmperature distobution in
the pins does not follow the radial gradient, can b
evaluyated by relaxation methods, and leads to the
result that an 18 percent increase of conduction for
the area of the surface vecupied by the base of the
pin will be obsoerved when the conductivity of the

s is 10 pereent that of Pyrex. The area oceupicd

v the bases of seven pins was 0.4 percent of the total
surface area of the receiver so that at & con-
ductivity of 33107 cal cm ! sec ~ deg C-! an increass
of eonduction of 0.07 percent will ba observed. If
the conductivity of the fluid reached the value of
Pyrex, the pinz would have no effect on the temper-
ature gradient, and at low values of gas conductivity
the effect i& about the same as at & conductivity o
A 1074 cal em~t see ' deg 71,

7. Radial Temperature Gradient in the
Emitter and Receiver

A correction, in general amall, must be made (or the
fact that the thermocouples are placed in the body of
the emitter and receiver. Thiz ia a power series
of Keoor=How [1+aKqe (@8 nen)+ . ] of
which only the Arst corrective term is largo enough
to be significant. For the dimensions of the silver
Eundlur:tlvity cell in figure 1, a=10.70 em seq dog

renl.

- 8. Discussion of Other Cells

There are only o few forms of themnal conductiviy
cells snitable {or accurate absolite determinations of
the thermal conductivity of gnses. The “hot wive"
eell is an extreme case of & coaxial cylinder cell, with
o small radius of the emitter, but the cell consiant
cannot be determmined with the accuracy poasible for
a larger radius of emitter. The heat transter snalysia
is complicated, and in & dense gas convection is
difficult to control becauss of Lhe large temperature
gradient near the wira.

1N T — T 1 — | S S
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Fravee 4. Correction fo the conductivify for esymmelric heol

A coaxial cylinder cell with heat guards at both <

ende would not have the 2nd heat flow which requires
the corrections given in figure 4. Howaver, there is
an uncertainty i the results due to & possible heat
flow between the emitter and heat guards. When

the emitter iz suspended or held in place by sleeve -

or rod connections with the heat posrds (s is
custom for this design}, the increased conduction
pussibl:‘rﬁy & alight differsnce in temperature be-
tween the emitier and guards will incressa signifi-
cantly the vncertamty of the thermal conductivity
determination. The unccrtainty is reduced if the
thermal conductivity is relatively large, and if the
aemitter-receiver temperature difference i large. In
order te aveid these restrictiona, the suspension
method conld probably be modified.

In principle the flat plate cell, with an emitter
and guawl ahove the recaver, should not be affected
hy eouvection. In dense , there is good possi-
hiity that many such e have had eignificant
ronvection trunefer from “chimneya! bat that no
sprecial measurements were made to check. How-
over, by cF_r\f:-puf:r design, it can be expected that con-
veetion difficultiss would be eliminated. The eell
constant can be determined with about the same
accuraey &s for the coaxisl eylinder cell, but inata-
hility of the flat plate cell slinement affecta the cell
constant directly. By contrast, s change of the
coaxial cylinder cell alinement affects the eell con-
stant eompsratively Little,

9, Conclusions

By use of 6 heat guard and receiver extension
which extends the conductivity gap of o conxial
cylinder, the conduction across the gap can he
expressed accurately. In combination with special
mensuring techniques involving a “falling probe,”
the value of the cexll constant ean be obtained to an
accuracy within 0.1 percent,

The coaxial cylinder cell must be used with tha
axis vertical in order to permit analysis of convective
heat transpert. Tt was deduced mathematically and
found experimentally that the apparent conduetivity
is wlfected by laminar conveetion linearly with the
temperature difference. The temperature diffarenca
which causes the Reyticlda namber, 2q (10}, t0 ba

338




25 defites the highest temperature difference for
which laminar flow ¢an be expected. The effects of
econvaction ean be eminated by extespolating the
apparent conduetivity versus the temperature dif-
feranee to zero temperature difference, provided the
meagtirpinents lie in the range of laminar flow.

For high accuracy, corrections must be made to
the daty for asymmetry of heat fow, perturbation
of the temperature gradient by the mounting pins
and the temperature gradient in the emiticr an
receiver. O courae, the rate of heat tranafer in a
vacuum is deducted. There has now been sufficient
quantitative measvrement to show that the radiation
and pin transfer should remain constant within 0.1
percenk in the presence of 4 gas.

Or the variong types ol calla veed for measurin
the thermal conductivity of gnses, the coaxi
cylinder cell and the flat plute cell offer the most
promize of accurate results,
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11. Appendix

Given the conductivity gap A and heat puard gap
2k We identify the points, A R T D EF G Hin
the complex z-plane, es0 pointa sre iransformed
in the t-plane by the Schwurz-Christoffel transfor-
mution, which 13

n
t | z-plune
[ 4
v E=rtuy
B A
0,0 ‘ ul

’G 7

£ ¥
z:-.m{x-“l—-az I alil—at 4T —aH 1~ 1)
22 [t—allldat (1 —a?)(1— %)

S 1 —at,
+ginli } LR g L
=2k /r; @=L hE &%)

b %oote that the syanbollyn 55 thal of Ceretay and JTeeger, a0d in general shoubd
not be identifed with the zymbolisrm of the fest of O paper.

Pomts A, H, €, D), E, and F are sssumad o lie at
infinity in the z-plane, Clorresponding values of the
points are shown for the &-plane,

t-plane
t=¢+if
A R 0D o0 EF & H
—® =1 —g 0|0 d 1 -

By use of the conformal mapping function
rw=In{f-+a)/{t —a)

the poinls in the z-plane are transformed to the
indicated points in the w-plane.

w-plane
w=p+ir
1 A, ‘ H F
—_ o0 -
D no K
—m—i of—+ = -

Thus in the w-plana, heat flow between two infinite
parallel plates can he studied.

If the heat flow to w=u—1 i= sindied, this corre-
sponds to the heat flow to Z2E=—1y in the z-plune.

By aubstituting xw=In (:__F—Z) el w=u—i, 2=—1iy,

ih [1—at44{l—-af)(1—17)]

—y=—ihlu—d—— [1+et+4{1—e?) (1 -8
_Eit‘.’ Sin~'f 4.

For 4 {and 4} laree, i—4-a"
.3 2% . _
y=h.u-|-; In {l—a-’}+; sin—'a,

The heat transport to LAE per unit width per unit
temperature difference is, in the waﬁla.ue, Ky (whera
K 18 the thermul conductivity of the mediom).

Ku=K G‘:—% In [1—a— %i sin‘ia),

Thus, there are two corrective terms to be added to
the normal term g/h for the steady heat flow be-
tween two planes distant A apart. For the caas
that the heat guard pap (2%} is equel to the conduc-
tivity gap A)

af=1/5,
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Whera the conduction is regarded as unperturbed | half the heat guard gap times the {actor in paren-
slong FG and B¢, we con get a relative correcticn | thesis, Le.,
to the normal term for infinite plates over the
diztance of the heat guard pap by taking y=2&=h. o=k (1_51“ [1—a'—1 sin-t a)
Than T L
1 1.

K‘H=K(l—'; In [1_ 2]—; a1n 11‘1-) =k(l—[l,ﬂ?ﬂﬁ}=l].923{i:.

or we may add & length to the smitter equal to one {Paper G8A4-168)
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